1.
The 3. The holoenzyme (molecular weight, 160,000) consists of two identical subunits with molecular weights of 79,000??4,000, and the molecular weight of the apoenzyme seems to be identical with that of the subunit, as shown by SDS-polyacrylamide gel electrophoresis and gel filtration on Sephadex G-200. 4 . FHD (flavin-hypoxanthine dinucleotide) has coenzymatic activity equal to that of FAD.
Glucose oxidase [(3-D-glucose : oxygen 1-oxido reductase, EC 1. 1. 3. 4] has been isolated from microbial sources and studied by several workers (1) (2) (3) (4) (5) . However, some of the results obtained are inconsistent ; for instance, various molecular features including subunit structure (4) (5) (6) (7) (8) and the role of the sulfhydryl groups of this enzyme (4, (9) (10) (11) .
To whom reprint requests should be sent. Regarding the molecular features of this enzyme, O'Malley and Weaver (6) have reported that denatured glucose oxidase from A. niger consists of a single peptide with a molec ular weight of 160,000. Chemical reduction of the two disulfide bonds of the enzyme with 2-mercaptoethanol resulted in the formation of a species with a molecular weight of 80,000 as determined by light scattering, sedimenta tion velocity, and intrinsic viscosity (6 An improved method for the purification of this enzyme has been developed in our laboratory (11) (12) (13) . In the present paper, we describe this modified purification procedure and some properties of the enzyme, with spe cial reference to the specific activity and the A280/A26 ratio. Assays of Enzymes-Two kinds of assay methods for glucose oxidase were used : one was the colorimetric determination of H2O2 produced during the coupled reaction with odianisidine and peroxidase (11) (12) (13) The activity of catalase, a likely con taminant in the preparation, was determined titrimetrically with sodium thiosulfate accord ing to Harbert (16) ; the amount of catalase was assayed on the basis of an activity of 230 liters?g-1 sec-1 for the pure enzyme, where liter•g-1 is the reciprocal concentration of pure material in the reaction mixture.
Carbohydrate Analysis-Lyophilized sam ples (25 mg/ml) that had been stored in a desiccator with P205 in vacuo were dissolved in distilled water. The sample to be analyzed for neutral sugars was hydrolyzed with 0.5 N HCl at 140? for 15 min (3 atms). The sample analyzed for amino sugar was also treated un der similar conditions, except that the head space of the ampoule was filled with N2. The resulting hydrolysate was filtered through glass wool and passed through a small column of Dowex-1 (Ht) to remove amino acids. After concentration and reduction with NaBH4, GLC was carried out for the analysis of neutral sugars.
Total content of neutral sugar was analyzed by the anthrone method (17) using mannose as a standard.
For the analysis of total amino sugar, a modification (18) of the Elson-Morgan method was used.
Amino Acid Analyses-For total amino acid analysis, 5.84, 6.34, and 4.85 mg samples, which had been dried for three days over P205 in vacuo, were hydrolyzed in 1 ml of 6 N HCI at 110±1? for 23, 48, and 68 hr, respectively, in an evacuated, sealed ampoule. Protein hydrolysates were passed through Toyo filter paper No. 6C to remove any precipitate of un hydrolyzed carbohydrate, dried on a water bath, stored in a desiccator over NaOH in vacuo until use, and redissolved in 5.5 ml of buffer (pH 2.2 citrate, including antioxidant).
An ali quot was applied to a Hitachi model KLA-5 amino acid analyzer.
The tryptophan content of the oxidase was determined colorimetrical ly using P-dimethylaminobenzaldehyde (19) . Properties of the Purified Enzyme-The purified enzyme was dialyzed against deionized, glass-distilled water for three days (four changes of 1 liter each) and lyophilized. The lyo philized powder was stored over P205 in vacuo until use. The sample was analyzed for carbo The total analysis of neutral sugar by the anthrone method (17) with mannose as a standard gave a value of 16.4•}0.3% by weight. The content of amino sugar was determined to be 2.4•}0.5% by weight according to the modified Elson-Morgan reaction (18) . The re sults are summarized in Table I Catalase activity, known contaminant of the crude oxidase, was tested for according to Herbert (16) . This activity was only 0.00013 liter?g-i•sec-1, which indicates that the puri fied preparation is essentially catalasefree (see "METHODS") . Determination of Molecular Weight-The molecular weights of the holoenzyme and apo enzyme, the latter prepared by the acid-am monium sulfate method described in a previ ous paper (12 ) , were determined by Sephadex G-200 gel chromatography using marker pro teins of known molecular weight. The re sults are shown in Fig. 4 . The holoenzyme has a molecular weight of 160,000 and that of the apoenzyme is 80,000 (the elution pattern is shown in Fig. 8) . From the results of SDS- Fig. 5 . Determination of the molecular weight of the enzyme by SDS-polyacrylamide gel electrophoresis (7.5% gel). Each sample was treated with 1% SDS, 1%o 2-mercaptoethanol, and 5% glycerol in 250 mm phosphate buffer, pH 7.2 at 55? for 2 hr. Electro phoresis was carried out at a current of 5 milli amperes per tube for 4 hr. polyacrylamide gel electrophoresis essentially only one component with a molecular weight of 79,000??4,000 was detected, as shown in Fig.  5 , although, on the top of the gel, one more band was seen (possibly nonreduced holoen zyme). This suggests that the enzyme consists of two identical subunits.
As glucose oxidase is a typical glycopro tein, these semiempirical methods may not be ideal for the determination of molecular weight. Glucose oxidase also has activity even in 0.75% SDS, as indicated by Swoboda and Massey (4). In order to ascertain the effect of acrylamide concentration on the mobility of this enzyme in the presence of 1% SDS, electrophoresis was carried out using samples polymerized in vari ous concentrations of acrylamide according to Sergest et al. (25) .
Under our experimental conditions with SDS (-1.5%) in the presence of 2-mercaptoethanol (1%) at 55? for 2 hr, the residual activity of the enzyme was reduced to 24%. The molecular weight of the enzyme, Coenzyme Activity of FAD and FHD-It has been reported in the preceding paper (11) that a coenzyme analogue, FHD, has the ability to regenerate active enzyme when FHD is in cubated with the apoenzyme for a long time.
We have now investigated whether or not there is any difference in the molecular shape or weight of holoenzyme so reconstituted.
To compare FHD-with FAD-enzyme, sedimenta tion velocity experiments were carried out, The results are shown in Fig. 7 . The apoen zyme preparation has two components with sedimentation velocities of 4.6 and 8.1 S. When FAD was added to the apoenzyme and the mixture was incubated for 4 hr at room tem perature, the sedimentation pattern showed only one component with an S value of 8.0. FHD also produced the same effect after in cubation for 24 hr.
In addition, from experiments using Se phadex gel filtration, the FHD-enzyme and FAD-enzyme have the same molecular shape and specific activity, as shown in Fig. 8 .
DISCUSSION
In the present experiments, DEAE-cellulose columns were used twice to purify the enzyme instead of CM-cellulose, which had been used previously (13 ) , and phosphate buffer, pH 7.0, was employed during the course of purifica tion. By these methods, dark pigments tight ly attached to the enzyme protein were re moved almost completely.
Thus the Also/A2so ratio of the enzyme and the molecular extinc tion coefficient of bound FAD at 450 nm, as suming 2 moles per mole of enzyme (3) (4) (5) , are higher than the data given by other workers (3-5) (see Table II ).
Our results on the total carbohydrate con tent (about 19% by weight) are also higher than those of others (4, 5, 24, 26) In the analyses for metal, about two moles of iron was detected ; however, a requirement for iron in the enzymatic reaction has not been shown. It is interesting that a reddish color is observed upon acidification of the enzyme. This has been observed before (27) , and is reminiscent of the color change seen with the riboflavin-Fe2+ complex (28) .
Whether the bound iron present in the isolated oxidase has a biological function or, for that matter, could result from the binding of extraneous iron dur ing purification, remains to be established. There have been other recent studies on the subunit structure of glucose oxidase (6, 8) . In the preceding paper (11), it was reported that the intact holoenzyme has no free SH groups titratable with p-chloromercuribenzoate or DTNB ; however, when the holoenzyme is denatured carefully in 4 M guanidine-HCl or 8 M urea, about two moles of SH can be determined per mole of enzyme with p-chloromer curibenzoate but not DTNB. When the apo enzyme is prepared by the usual acid-ammo nium sulfate method (3), a good yield of ac tive apoenzyme has been obtained in the pres ence of dithiothreitol (1 mm) (12) . In the present experiments, the holoenzyme recon stituted from apo-and coenzyme had a molec ular weight of about 160,000. As we have now shown that the molecular weight of the apo enzyme is the same as that of the subunit, it can be concluded that two homogeneous sub units are associated in the presence of co enzyme. These phenomena may reflect non covalent intersubunit interaction because co valent bonds, for instance disulfide bridge(s), are not broken quantitatively during the prepa ration of apoenzyme or denaturation, as already reported in previously papers (11) (12) (13) . Tak ing this enzyme as consisting of two homoge neous subunits, therefore, there are 6 moles of half-cystine (6.87 moles/160,000 daltons), of which two exist in the sulfhydryl form (11) and four as two intrasubunit disulfide bridges. The point should be made that the two free sulfhydryl groups are very labile. They tend to form a disulfide bond, yielding a dimer which can no longer regenerate active holo enzyme in the presence of FAD.
